Introduction
============

Among all cancer mortalities, 90% exhibit systemic disease with metastases [@B1], [@B2]. Because metastasis is a complex process, involving detachment of tumor cells from the primary sites, invasion, migration, intravasation, survival in the vasculature, extravasation, and colonization at the secondary sites, it is regulated by many intra-cellular and extra-cellular factors. The identification and characterization of these biological molecules that play roles in cancer metastasis will not only provide valuable diagnostic and prognostic markers but also may serve as therapeutic targets.

The human Filamin-A, also known as Actin Binding Protein 280 [@B3], [@B4], is a protein of 2647 amino acids. It forms a homo-dimer and cross-links cortical actin filaments into a dynamic three-dimensional structure [@B5]-[@B7]. Filamin-A interacts with more than 60 functionally diverse proteins, serving as the scaffold in various signaling networks [@B8], [@B9]. Among these filamin-A interacting proteins, many are implicated in cancer metastasis, such as cell membrane receptor integrins, small GTPases, and others [@B10]-[@B15]. However, the direct role of filamin-A in cancer metastasis remains elusive. In this study, we validate filamin-A as a cancer prognostic marker and therapeutic target. We show that inhibition of filamin-A significantly reduces migration and invasion of cancer cells, and alleviates both spontaneous and systemic metastases of xenograft cancer cells in nude mice. Furthermore, low levels of filamin-A expression in breast cancer tissues are associated with a better outcome in term of distant metastasis-free survival. These data suggest that filamin-A is a valuable biomarker for cancer metastasis, and filamin-A also may be used as a target to inhibit cancer metastasis.

Material and methods
====================

Cell lines and cell cultures
----------------------------

Four pairs of isogenic cell lines were grown in a 37°C incubator supplied with 5% CO~2~, and with the same culture media as described previously[@B16], [@B17]. The M2 melanoma cell spontaneously lost filamin-A expression, and the A7 cell is a derivative of M2 with exogenous filamin-A expression. Melanoma cell line C8161, breast cancer cell line MDA-MB-231 (MB231) and MDA-MB-436 (MB436) have normal filamin-A expression, and were stably transfected with vector expressing shRNA against filamin-A as previously described[@B16]-[@B18], resulting in C8161-KD, MB231-KD and MB436-KD. Another shRNA targeting a different region of filamin-A was used to knockdown filamin-A in C8161 cells and labeled as C8161-KD1. The corresponding control cells (C8161-con, MB231-con and MB436-con) were transfected with vectors expressing control shRNA. The knockdown efficiency of filamin-A by shRNA has been demonstrated previously [@B16]. It has also been shown that the deficiency of filamin-A in these cells does not affect *in vitro* growth and tumor xenograft growth at the inoculation sites in the nude mice[@B16]-[@B18].

Wound healing assay
-------------------

Log-phase cells were plated into 10cm dishes. When the cell culture reached 70-80% confluence, the cells were cultured in serum-deprived medium that contains 0.2% bovine serum albumin (BSA) for 24 hours, and then gaps of 1mm open spaces (wound) were generated manually by scratching the monolayer of cell culture. The "healing" effect was monitored microscopically periodically as the cells migrate to cover the blank surface in complete growth media with 10% serum. Photographs were taken at 0, 12 and 24 hours after the wound was generated.

Time-elapse microscopy
----------------------

Cells were plated into 24-well plate 8 hours prior to time-lapse migration experiments. Time-lapse microscopy experiments were performed using a Carl Zeiss fluorescent microscope (Axiovert-200M) equipped with a Carl Zeiss digital camera (AxioCam MRC), an automated stage controller and an environmental chamber that maintains temperature, humidity, and CO~2~ levels. Images of individual cells were captured using 10× objective lens at 6-min time intervals for 10 hours. AxioVision software with tracking module (Carl Zeiss MicroImaging GmbH) was used to calculate velocity. About 15 cells were analyzed for each experiment, and the experiment was conducted three times. The results are presented as mean±SD and student\'s *t*-test was used for the analysis of statistical significance.

Trans-well (Boyden Chamber) cell invasion assay
-----------------------------------------------

Log-phase cells were cultured in serum-deprived medium for 24 hours. The cells were then harvested, washed twice in PBS, re-suspended in culture medium with 0.2 % BSA, and then adjusted to a final concentration of 4×10^5^/mL. BD Falcon™ cell culture inserts (with 8.0 µm pore size coated with Matrigel) were used. Then, 0.9 mL of complete growth media (with 10% serum) were added into each well of cell culture plate as chemo-attractant solution in the outer chamber. In the culture inserts (inner chamber), 0.3mL of cell suspension were added. Cell cultures were maintained in incubator. After 4, 12 and 24 hours of incubation, cells inside the culture inner chamber were removed with cotton swab and cells migrated through membrane were trypsinized and counted. Each time-point has triplicate culture inserts, and experiment repeated twice. Results are expressed as mean±SD and statistical significance was analyzed using the Student\'s *t*-test.

In vivo xenograft model for melanoma metastasis
-----------------------------------------------

The animal protocols used in this study were approved by the Robert Wood Johnson Medical School Institutional Animal Care and Use Committee (IACUC). The C8161 cells reproducibly form xenograft tumors at the inoculation sites, and were therefore used in this assay. Log-phase EGFP-labeled C8161 cells were inoculated subcutaneously in nude mice (1×10^6^ cells per mouse) to generate tumors, 8 mice for each cell line, with normal or reduced level of filamin-A. Five weeks after inoculation, mice were sacrificed and dissected to collect lung and spleen specimens. After recording the weight, the organs were fixed in formalin, and used to generate paraffin-embedded tissue sections. Lung surface metastases were visualized after fixation in 10% Bouin\'s solution. Spontaneous metastases in organs were confirmed by immunohistochemistry (IHC) staining with antibody against GFP. The incidence of metastasis was calculated and statistical significance was analyzed using the *Chi-Square* Test.

Systemic metastasis resulting from intracardiac injection of tumor cells
------------------------------------------------------------------------

Log-phase EGFP-labeled melanoma cells C8161 and breast cancer cells MDA-MB-231 with normal or reduced levels of filamin-A were inoculated in nude mice by intracardiac injection (1×10^6^ cells per injection and 4 mice for each group). Four and eight weeks after injection with C8161 and MB-231 cells, tumor metastases were detected using the EGFP marker with Kodak 2000MM Image Station (Eastman Kodak Company, New Haven, USA). Then the animals were sacrificed and femurs were collected for bone microarchitecture analysis using Micro-computed tomography (µCT) analysis. Three-dimensional μCT studies were performed by the Preclinical Imaging Shared Resource at the Cancer Institute of New Jersey. Femurs were fixed in 10% neutralized formalin and dehydrated in 70% alcohol. Femur samples were scanned using the INVEON PET/CT (Siemens Healthcare). Images were acquired at the highest resolution and without CCD binning, providing a voxel size of 9.44 μm. A 1**°** rotation step through a 360**°** angular range with 6500msec exposure was used. CT scans were reconstructed with Beam Hardening Correction and Hounsfield Calibration before being analyzed using Inveon Research Workplace (IRW) software (Siemens Healthcare). After processing with a 3D Gaussian Filter, segmentation of regions of interest were conducted and measurements of cortical thickness were made using IRW. A 3mm shaft region of cortical bone 4mm proximal to the distal tip of the femur and a 94μm section immediately proximal to the distal physis was analyzed for each sample.

Immunohistochemical analysis of tissue microarray for the expression of filamin-A
---------------------------------------------------------------------------------

A tissue microarray was constructed for this analysis as described previously [@B19]. The study was approved by our institutional IRB. In brief, this paraffin-embedded tissue micro-array contains a duplicated set of breast cancer tissues of 158 cases of stage I/II breast cancers. A similar procedure as reported previously[@B20] was adapted for IHC staining. Briefly, the 5 μm-thick tissue sections were de-paraffinized with xylene. The antigen was retrieved in citrate acid buffer (pH 6.5) by steaming in a rice cooker for 20 min. Slides were blocked with 5% milk in TBS-T (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) for 30 min at room temperature, and incubated with mouse monocolonial anti-filamin-A antibody (MAB1678, EMD Millipore Corporation, Billerica, MA, 1:100 dilution) for 3 hours at room temperature. Following three washes with TBS-T, the slides were incubated for 1 hour at room temperature with anti-Mouse IgG secondary antibody (1:100 dilution) that was conjugated with horseradish peroxidase. The filamin-A positive stain (in brown color) was visualized by incubating the slides with chromogenic substrate diaminobenzidine (DAB), followed by 10-second contrast staining (in blue color) with hematoxylin for the nuclei. The slides were then dehydrated and mounted.

Assessment of filamin-A staining among the breast cancer epithelial cells other than the stroma tissues was quantitative and done by two independent pathologists who were blinded to patient outcome (HL and QY). For each duplicate core, the region of predominant staining intensity was scored. A case was scored as filamin-A negative only when the positively stained cancer cell area(s) were less than 25% of the total cancer epithelial tissue area on both of the duplicate tissue cores, otherwise the case was counted as filamin-A positive.

Statistical analysis
--------------------

Filamin-A status was assembled in a database and analyzed using SAS User\'s Guide, Version 9.1 (SAS Institute, Cary, NC). The study endpoint was distant metastasis-free survival and calculated from the date of radiation therapy completion, as this represents the start of continuous risk for relapse. Distant metastases were defined as clinical evidence of distant disease based on clinical and/or radiographic evidence. The test of statistical significance was two-sided and value of p\<0.05 was considered statistically significant.

Results
=======

Inhibition of filamin-A impairs migration of cancer cells
---------------------------------------------------------

It has been reported that filamin-A interacts with Rho GTPases [@B12]-[@B14] to reorganize the actin network, which may be required to generate forces for cell local motion. Filamin-A also regulates the trafficking of cell adhesion receptor integrins back to cell surface, which is critical for cell spreading and migration [@B10], [@B21]. We hypothesized that inhibition of filamin-A in the cancer cells reduces cell motility and subsequently cancer metastasis. To test this hypothesis, we used sets of previously established isogenic melanoma and breast cancer cells[@B16]-[@B18], including melanoma cell line C8161, breast cancer cell line MDA-MB-231 (MB231), and MDA-MB-436 (MB436). In those cells the filamin-A expression was inhibited by filamin-A shRNA[@B16]-[@B18]. The M2 melanoma cells that had spontaneously lost filamin-A expression, and the A7 cells derived by re-expressing filamin-A in M2 cells were also used.

To test the hypothesis, we first applied the wound healing assay (Figure [1](#F1){ref-type="fig"}A). The gaps of 1 mm wide open space (wounds) were manually generated on sub-confluent monolayer of cell culture with serum starvation pre-treatment. The bright field images of the gaps were taken at various times after the gaps were generated. As shown in Figure [1](#F1){ref-type="fig"}A, the filamin-A deficient M2, C8161 (FLNa-KD and FLNa-KD1), MB231 (FLNa-KD) are much less efficient to migrate to the scratch culture surface than the filamin-A proficient A7, C8161 (control-shRNA), and MB231 (control-shRNA) cells within 24 hours after the gaps were generated. These data suggest that the filamin-A deficient cells are not as mobile as the proficient cells. To confirm this, we then applied time-lapse microscopy to monitor the cell migration. Cell migration velocity was calculated using series images (see Material and Methods). As shown in Figure [1](#F1){ref-type="fig"}B, a significant decrease in migration speed was observed in filamin-A deficient cells compared with filamin-A wild type cells (p\<0.05 or p\<0.01).

Inhibition of filamin-A impairs invasive potential of cancer cells
------------------------------------------------------------------

Cell migration is a process of directional movement [@B22], and loss of filamin-A compromises cell motility in culture as shown in Figure [1](#F1){ref-type="fig"}. Another critical step in cancer metastasis is the detachment of tumor cells from the primary sites, and invading the surrounding tissue. To test whether inhibition of filamin-A reduces cell invasion, we applied the Boyden chamber assay, which mimics the micro-environment at primary tumor sites. We inoculated the cells into the inner chamber, which is separated from the outer chamber by an 8 μM pored membrane on the bottom of the inner chamber. In order to migrate out of the inner chamber, the cells need to sense the chemo-attractant in the outer chamber (provided by serum), digest extra-cellular matrix (Matrigel) covering the pores, and change cell shape to migrate through the 8μM sized pores on the membrane, and reattach to the outer chamber side of the membrane. At various times after the cells were inoculated to the inner chamber, the cells migrated through the membrane were counted. As shown in Figure [2](#F2){ref-type="fig"}A, expression of filamin-A in A7 cells significantly increased the numbers of cells migrated through the membrane, when compared with the M2 cells that spontaneously lost filamin-A expression. In agreement with this, filamin-A knockdown in the filamin-A proficient C8161, MB436, and MB231 cells significantly reduced the number of cells migrated through the membranes. Fewer numbers of filamin-A deficient cells attached on the outer side of the membrane than filamin-A proficient cells were illustrated by DAPI staining after 24 hours of incubation (Figure [2](#F2){ref-type="fig"}B). The expression levels of filamin-A in each paired cell lines were detected by Western-Blot as shown in the top panels of insertions of Figure [2](#F2){ref-type="fig"}A. β-actin (lower panel in the inserts in Figure [2](#F2){ref-type="fig"}A) was used as loading control. Thus, Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} clearly suggest that filamin-A plays an important role in cell migration and invasion, two critical properties associated with cancer metastasis.

Filamin-A deficiency reduces organ metastasis in nude mice xenograft model
--------------------------------------------------------------------------

To directly test the role of filamin-A in cancer metastasis, we generated tumor xenograft using human melanoma cell line C8161. The C8161 cells were used for this experiment because they can form solid tumor reproducibly in nude mice and have high potential of metastasis. EGFP expressing C8161-con cells (with filamin-A) or C8161-KD cells (filamin-A knockdown) were injected into mice subcutaneously. Five weeks after inoculation, mice were sacrificed for dissection. As we reported previously, the filamin-A expression status does not affect the growth of EGFP expressing C8161 tumors at the inoculation sites[@B17], [@B18]. However, metastatic foci were visible on the surface of lungs collected from C8161-con tumor bearing mice after staining with Bouin\'s solution (Figure [3](#F3){ref-type="fig"}A). Routine H&E staining and immunohistochemistry staining with GFP antibody of the lung tissue sections further confirmed that the tumor metastases originated from the EGFP-expressing C8161 cells (Figure [3](#F3){ref-type="fig"}B). The incidence of lung metastasis was calculated, and is shown in Table [1](#T1){ref-type="table"} based on IHC staining with GFP antibody using lung tissue sections. Significant higher incidence was observed in lungs from filamin-A expressing tumor xenograft than filamin-A deficient ones, 87.5% vs 12.5% (p\<0.01). The tumor metastasis in spleen was also assessed. As shown in Figure [3](#F3){ref-type="fig"}C and [3](#F3){ref-type="fig"}D, there are significant increases of spleen weights in mice injected with C8161-con cells than the C8161-KD cells, indicating more severe metastatic infiltration occurs in mice injected with filamin-A expressing tumor cells. These data collectively suggested that filamin-A positive cells have a stronger capability to metastasis into organs after subcutaneous inoculation, and inhibition of filamin-A expression significantly decreased the metastatic potential when tumor are locally formed by subcutaneous inoculation (Figure [3](#F3){ref-type="fig"} and Table [1](#T1){ref-type="table"}).

Lack of filamin-A decreases systemic metastasis in nude mice
------------------------------------------------------------

A complementary approach to assess metastatic potential is to inoculate tumor cells in the blood stream directly, via intracardiac injection, to assess systemic metastasis of cancer cells in an animal model. We injected EGFP labeled MB231 breast cancer cells and C8161 melanoma cells into nude mice through left ventricle injection, and monitored the systemic metastasis. As shown in Figures [4](#F4){ref-type="fig"}A, mice injected with MB231-con or C8161-con cells showed dramatic weight loss at 8 or 4 weeks after injection respectively, when compared to mice injected with MB231-KD or C8161-KD cells. In addition, there is more widespread metastasis in the filamin-A proficient MB231 and C8161 cells than the deficient counterparts, based on results acquired with animal live imaging system (Figure [4](#F4){ref-type="fig"}B). These data again demonstrate that filamin-A proficient tumor cells have high metastatic potential than the filamin-A deficient cells.

The bone marrow is one of the homing sites after intracardiac inoculation of metastatic breast cancer MDA-MB231. Since the growth of metastatic tumor cells and osteolytic lesions were more easily observed in the regions close to growth plate of distal physis [@B23], we collected femurs from sacrificed mice and measured the wall thickness of distal femur after 3D image reconstruction. Shown in Figure [4](#F4){ref-type="fig"}C are the representative images of 94 μm sections proximal to distal physis, and a significant decrease in wall thickness can be observed in femurs from mice injected with MB231-con cells as indicated by arrow in the panel, when compared with that of the MB231-KD cells. We further measured the distal physis wall thickness from 20 continuous images for each femur and quantitative data are shown in Figure [4](#F4){ref-type="fig"}D. The average physis wall thickness is 147.93µm and 227.55µm for mice injected with MB231-con and MB231-KD cells, respectively. Thus, a significant wall thickness reduction (\~35%) was observed in mice with filamin-A wild type cells (MB231-con) injection compared with those inoculated with filamin-A deficient cells (MB231-KD) (p=0.022). However, there was no significant difference in femur wall thickness at regions away from growth plate in mice injected with different cells ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S1), suggesting these animals were in similar age and metastatic tumor cells were less likely homing at these regions of the femur. Therefore, in agreement with in vivo fluorescent imaging data (Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B), bone µCT scanning results further demonstrate that tumor cells with filamin-A expression have stronger potential to form metastases in nude mice xenograft model.

Reduction of filamin-A is associated with a better clinical survival of distant metastasis
------------------------------------------------------------------------------------------

Figures [1](#F1){ref-type="fig"}-[4](#F4){ref-type="fig"} have suggested that inhibition of filamin-A reduces cancer cell mobility and invasiveness, and decreases the metastatic potential. To directly validate this conclusion with clinical evidence, we performed IHC staining of filamin-A on a panel of paraffin-embedded breast cancer tissue-array. This array contains a duplicated set of breast cancer tissues of 158 cases of stage I/II breast cancers. The details of patient recruitment, treatment history, and follow-up of these patients were described previously [@B19]. Of the tissue array slides stained, 153 cases provided reliable information on filamin-A expression status. A case was scored as filamin-A negative only when the positively stained cancer epithelial cells account for less than 25% of the total cancer tissue area excluding the stromal regions (examples shown in Figure [5](#F5){ref-type="fig"}B). Based on the scoring by two independent pathologists, 92 out of 153 cases were filamin-A negative, and 61 were positive. When number of cases was plotted against the years of patient survival without distant metastasis as shown in Figure [5](#F5){ref-type="fig"}A, filamin-A negative breast cancer patients have significantly better survival than the filamin-A positive ones (p\<0.05). This observation suggests that lack of filamin-A expression is associated with better survival due to lack of distant metastasis. It further supports the concept that lack-of-filamin-A may be used as a prognostic marker for lower risk of breast cancer metastasis, and inhibition of filamin-A may reduce cancer metastasis for filamin-A positive cancers.

Discussion
==========

Filamin-A may transform extra cellular signals into dynamic remodeling of actin cytoskeleton. Since reorganization of the actin cytoskeleton is essential for cell migration [@B24], [@B25], we hypothesized that inhibition of filamin-A may reduce cell migration and cancer metastasis, thus can be used as a therapeutic target for cancer metastasis inhibition. We show that down-regulation of filamin-A expression in filamin-A proficient cancer cells can effectively reduce their mobility and invasiveness, and inhibit metastasis on xenograft models. Consistent with this is that when filamin-A is re-expressed in filamin-A deficient M2 cells, it can restore the cell mobility. These data support a notion that for filamin-A proficient cancer, it is possible to inhibit filamin-A to reduce metastatic potential. Thus filamin-A may be used as a therapeutic target for cancer metastasis inhibition. We also show that lack of filamin-A expression in breast cancer tissues is correlated with better outcome in term of distant metastasis-free survival, thus filamin-A status in cancer may be used as a prognostic marker for metastasis.

The mechanism by which filamin-A regulates cell mobility and cancer metastasis is yet to be fully elucidated. However, the ability of filamin-A to re-organize the orthogonal actin cytoskeleton network may be an essential factor. It is known that filamin-A plays a role in the orthogonal actin cytoskeleton network reorganization that generates forces for cell locomotion [@B3], [@B7]. In addition to actin network, filamin-A also interacts with Rho family small GTPases[@B10]-[@B14] and several cell membrane proteins including integrins and migfilin [@B11], [@B26], [@B27]. During directional migration, the cells generate protrusion at the leading edge to spread cell components forward, but the rear edge retracts so that cells can move forward. This process relies on the integrity of three polymer systems: actin filaments [@B28], microtubules [@B29] and intermediate filaments[@B30]. During this process, filamin-A may act as an integrator to receive signals from extra-cellular matrix and transmit into actin network reorganization to generate forces for cell motility through the interactions with its partners.

It has also been shown that filamin-A plays a role for the cells to withstand mechanical stress [@B31], which may also contribute to cancer metastasis. Filamin-A deficient cells may be vulnerable in the blood stream and dock to metastatic site less efficiently. To form metastases, invaded cells must survive in the blood stream, then attach and proliferate at secondary sites. As shown in Figure [4](#F4){ref-type="fig"}, with inoculation of EGFP labeled C8161 or MB231 cells into nude mice, we detected strong EGFP signals by fluorescent live imaging in mice injected with C8161-con or MB231-con cells, but not in mice with C8161-KD or MB231-KD cells. This difference could be attributed to the mechanoprotection effect of filamin-A [@B31] and more filamin-A proficient cells survived exogenous physical forces in the blood stream, or more filamin-A proficient cells attached and dock to new sites.

By using the isogenic cell pairs, A7 and M2, the role of filamin-A in cell spreading and migration was well demonstrated[@B32], and similar results were achieved from other model systems[@B33]-[@B35]. In current study, we employed four pairs of isogenic cell lines with various expression of filamin-A, including human melanoma and breast cancer cell lines. Our data further confirmed that loss of filamin-A significantly reduces the capabilities of migration and invasiveness of serum-starved (quiescent) cells, while the reduction in cell motility can be compensated by the expression of filamin-A in the cells (Figs [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). These findings are in strong agreement with many previous reports that implied a role of filamin-A in cell mobility[@B32]-[@B41].

To evaluate the impact of filamin-A status in cancer prognosis, Ai et al. employed the comparative proteomics and identified filamin-A as a potential marker for metastatic human hepatocellular carcinoma (HCC)[@B36]. Filamin-A is readily undergone proteolysis at the two hinge regions to generate cleaved fragments with various molecular weight, such as 170, 110 and 90 kDa fragments[@B5], [@B6], which is regulated by its phosphorylation on Ser2152 [@B5], [@B42]. By using the antibody against C-terminus of filamin-A that can detect full-length and the 90 kDa (repeats 16-23) proteins, Bedolla et al. performed IHC staining on human prostate tissue microarray. They found that filamin-A proteolysis, resulting in a nuclear localization of the 90 kDa fragment, is associated with a reduction of metastatic potential of prostate cancer [@B37]. They further found that the levels of cytoplasmic full-length filamin-A is significantly elevated in metastatic prostate cancer when compared with the clinically localized cancers, prostatic intraepithelial neoplasia (PIN), or benign prostate tissues, while stromal cells displayed stronger nuclear filamin-A staining than cytosol across all types of tissues [@B37]. In agreement with these findings, our IHC staining of breast cancer tissue microarray with antibody against N-terminus, which recognizes full-length filamin-A but not the 90 kDa fragment, showed that increased levels of filamin-A in cancer cells (not the stromal) are associated with high risk of distant metastasis in patients (Figure [5](#F5){ref-type="fig"}A). It is worth pointing out that the majority our IHC staining signals of filamin-A are localized in the cytoplasm of cancer cells (Figure [5](#F5){ref-type="fig"}B). Interestingly, the same study by Bedolla et al also reported that the nuclear filamin-A fragment levels become progressively reduced as the benign prostate epithelium gradually progress to intraepithelial neoplasia, clinically localized cancer, and metastatic cancer [@B37]. Therefore, the loss of nuclear localized fragment of filamin-A appears to be associated with prostate progression, but the increased cytoplasmic full-length filamin-A is associated with prostate cancer metastasis. This signifies a complex role of filamin-A in cancer progression.

While these studies clearly support a role of filamin-A in cancer metastasis and perhaps at a later stage of metastasis, a potential role of filamin-A in cancer cell focal adhesion to the extra cellular matrix thus resisting the initial escape of cancer cells from the original sites have been recently proposed[@B43]. In a few breast cancer cell lines that overexpress ErbB2 or with PI3K mutations, Xu et al reported an enhanced metastatic potential with filamin-A knockdown[@B43]. They also showed that the benign and *in situ* carcinoma were associated with a positive staining of filamin-A in the basal membrane of the mammary epithelial cells or the edge of the in situ carcinomas areas[@B43]. In our studies, we focused on the staining of filamin-A among the cancer cells of clinically developed breast cancers that does not include the early stage of the breast cancer (Figure [5](#F5){ref-type="fig"}B). Our scores were not based on the filamin-A staining in the matrix in the early stage of cancer development, and we used an antibody (MAB1678) that recognizes the cytoplasmic full-length filamin-A. Furthermore, the breast cancer cell lines we used in the study have low levels of ErbB2 and we did not over-express exogenous ErbB2 in these cells. Human metastatic melanoma cell line C8161 was also employed in addition to A7 and M2 melanoma cells, and further used in the xenograft study.

In additional to its roles in cell mobility control, filamin-A has been reported to interact with BRCA1[@B44] and BRCA2 [@B45], modulating DNA damage responses[@B16]-[@B18], [@B44]-[@B46]. Filamin-A deficient tumor xenografts have been shown to be more sensitive to ionizing radiation, bleomycin, and cisplatin[@B17]. In the current study, we observed a correlation between filamin-A negativity in breast cancer tumors and patients living free of distant metastasis (Figure [5](#F5){ref-type="fig"}). This raises a possibility that filamin-A deficient cancer will not only be more sensitive to some DNA damage based chemotherapy, but also will be less metastatic. Thus filamin-A deficient cancer will likely be more responsive to radiation and relevant chemotherapy and less metastatic at the same time. On the other hand, the filamin-A expressing cancers are likely to be more metastatic and less sensitive to the bleomycin and cisplatin type of treatments. Thus filamin-A may be a biomarker of high value for individualized treatment planning. Our data clearly suggest that, for filamin-A proficient cancer cells, inhibition of filamin-A can reduce the metastatic potential. Considering that inhibition of filamin-A can sensitize the cancer cells to some DNA damage based therapy[@B16], [@B17], we propose that filamin-A is a promising target for molecular based therapy as targeting filamin-A will not only reduce metastasis but also sensitize cancer to certain DNA damage based therapy.

In summary, our study demonstrates filamin-A plays an important role in cancer metastasis. Due to its role in regulating cancer response to therapeutic DNA damage[@B16], [@B17], [@B44], filamin-A can be used as a prognostic marker to predict cancer metastasis and cancer response to certain DNA damage based therapy, and filamin-A can also be used as an inhibition target to reduce metastasis and concurrently sensitize filamin-A proficient cancer to some DNA damage based therapy.
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![**Reduced cell migration ability in filamin-A deficient cells.** Four pairs of isogenetic filamin-A proficient and deficient cell lines were used (see Material and Methods for details): A7 (FLNa+) and M2 (FLNa-); C8161-con (filamin-A control) and C8161-KD (filamin-A knockdown); MB231-con (filamin-A control) and MB231-KD (filamin-A knockdown); MB436-con (filamin-A control) and MB436-KD (filamin-A knockdown). Wound healing assay and time-lapse microscopy were used to assess the ability of cell migration. Panel A shows the wound healing assay from 3 paired cell lines as indicated in the panel. The gaps of 1mm open space (wounds) were generated on semi-confluent monolayer cell culture. Images shown figure were taken at 0, 12 and 24 hours after wounds generated. White dotted line was used to indicate the edge of original wound generated on the surface of cell culture. Panel B shows the migration velocity for each cell line, which was calculated using time-lapse series images (see Material and Methods for details). \* p\<0.05 and \*\* p\<0.01.](ijbsv09p0067g01){#F1}

![**Reduced cell invasiveness in filamin-A deficient cells.** Boyden chamber trans-well assay was used to assess the cell invasiveness. Serum deprived cells were seeded in cell culture inner chamber coated with Matrigel, and complete growth medium was added into outer chamber as chemoattractant. Panel A shows the numbers of cells migrated from the inner chamber side of the membrane to outer chamber side of the membrane after 4, 12 and 24 hours incubation. The insertions in panel A are showing the expression levels of filamin-A in paired cell lines detected by Western-Blot. β-actin was used as loading control. Panel B shows the DAPI staining of cells attached to outer side of the membrane after 24 hours incubation (\*p\<0.05, and \*\* p\<0.01).](ijbsv09p0067g02){#F2}

![**Effect of filamin-A on organ metastasis in nude mouse xenograft model.**Tumor bearing mouse was generated by injecting EGFP-expressing C8161-con or C8161-KD melanoma cells into nude mice subcutaneously. Mice were sacrificed to collect lungs and spleens at 5-week after the inoculation. Panel A shows the lung metastases after Bouin\'s solution staining (Red arrows). Panel B shows the IHC staining with GFP antibody and HE staining of lung tissue section from mouse with C8161-con tumor, which indicates the lung metastasis focus. Panel C shows the image of representative spleens collected from non-injecting mice, C8161-con tumor bearing mice, and C8161-KD tumor bearing mice. Panel D shows the average weight of spleens from three groups of mice.](ijbsv09p0067g03){#F3}

![**Systemic metastasis of cancer cells in nude mouse model.** EGFP labeled breast cancer cell line MB231 and melanoma cell line C8161 were transfected with vectors expressing control shRNA or filamin-A targeting shRNA. Stable clones with filamin-A expression or filamin-A knock-down were isolated. Log-phase cells were injected into left ventricles of nude mice and body weight of injected mice were monitored weekly as shown in panel A. Four and eight weeks after injection, the mice inoculated with MB231-Con and C8161-Con displayed significant body weight loss (\*p\<0.05). Live images with EGFP marker were taken from anesthetic mice 8 weeks after injection for MB231 cells and 4 weeks for C8161 cells as shown in panel B. Hot spots of suspect tumor metastases were labeled with arrows and arrow heads for mouse injected with MB231-con and C8161-con cells respectively. Panel C shows the representative images of 94 μm sections proximal to distal physis. Panel D shows the quantitative analysis of physis wall thickness, which reduced significantly in mice with MB231-con tumor cells inoculation than in those injected with MB231-KD cells (p=0.022).](ijbsv09p0067g04){#F4}

![**Correlation of filamin-A expression status in tumor cells with patient survival.** The paraffin-embedded tissue array with breast cancer tissues was performed immunohistochemistry staining with filamin-A antibody and filamin-A expression status was scored following the criteria stated in Material and Method. Panel A shows the plot of survival against years of distant metastasis-free in patients with filamin-A negative tumor and filamin-A positive tumor (p=0.04). Panel B shows the representative images of filamin-A negative and filamin-A positive tumor cell staining.](ijbsv09p0067g05){#F5}

###### 

**The incidence of lung metastasis in nude mouse tumor xenograft.**IHC staining was performed with antibody against EGFP using lung tissue sections. Lung metastases were visualized under and counted under microscope, and then the incidence of lung metastasis was calculated. The *Chi-Square* Test was used for statistical analysis and p\<0.05 was considered significant.

  Group       Number of mice inoculated   Number of mice with lung metastasis   Lung metastasis incidence (%)   Average number of lung metastases
  ----------- --------------------------- ------------------------------------- ------------------------------- -----------------------------------
  C8161-con   8                           7                                     87.5 (7/8)\*\*                  12.14±3.24
  C8161-KD    8                           1                                     12.5 (1/8)\*\*                  2 (from 1 lung)

\*\* p\<0.01.
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